Objectives: The sarcoplasmic reticulum (SR) Ca 2 + ATPase (SERCA) is essential to the removal of cytosolic calcium following cardiac contraction, and its abundance and activity are significantly altered during perinatal development and in failing myocardium. The objective of the current study was to identify cis regulatory elements and nuclear transcription factors responsible for transactivating SERCA2 gene expression in cardiomyocytes. Methods: Primary cultures of neonatal rat ventricular myocytes were transiently transfected with luciferase (LUX) reporter gene constructs containing deletions of the SERCA2 promoter or which harbored mutations in consensus Sp1 transcription factor binding sites. Cotransfection assays, electrophoretic mobility shift, and supershift assays were also performed to delineate the regulatory role of specific transcription factors. Results: We identified a putative AP-1-like element and a consensus Egr-1 binding site, but neither Egr-1 nor 12-O-tetradecanoylphorbol 13-acetate (TPA) significantly modified human SERCA2 promoter activity in vitro. Maximal activity of the SERCA2 promoter required the proximal 177 bp, and strong activation was observed with a 125-bp construct, within which an Sp1 site and a CAAT box were important. Mutation analysis also revealed the importance of two Sp1 sites between À 125 and À 200. Sp1 and Sp3 transcription factors were subsequently identified to bind to oligonucleotide probes corresponding to only the two most proximal Sp1 sites. Conclusions: These studies provide direct evidence that regulation of human SERCA2 gene expression in cardiomyocytes depends on transactivation events elicited by Sp1 and Sp3 transcription factors.
Introduction
The sarcoplasmic reticulum (SR) Ca 2 + ATPase (SERCA) is essential to the regulation of intracellular calcium levels in cardiac, skeletal, and smooth muscle. In the heart, intracellular free calcium increases in cardiomyocytes during systole and binds to the troponin complex to stimulate contraction. Diastolic relaxation subsequently ensues when Ca 2 + is removed from the cytosol, primarily by the action of SERCA. Additional calcium is removed from the cell via the Na + /Ca 2 + exchanger, but its contribution is generally much less than that of SERCA [1] . SERCA 1, 2, and 3 isoforms are encoded by three genes, which are alternatively spliced to produce multiple mRNA transcripts. SERCA1a (adult) and SERCA1b (fetal) transcripts are found almost exclusively in fast-twitch skeletal muscle [2] , while SERCA3 is expressed at low levels in various tissues [3] . SERCA2a, the major heart isoform, is also expressed in slow-twitch skeletal muscle, whereas SERCA2b, which is poorly abundant in heart, is expressed in smooth muscle and most nonmuscle tissues. The same gene encodes both SERCA2 isoforms. SERCA2b differs from SERCA2a by the addition of 45 amino acid residues, which increases its affinity for Ca 2 + [4] . Importantly, replacement of the SERCA2a isoform with SERCA2b in transgenic mice induces a mild compensatory concentric cardiac hypertrophy, attesting to the critical requirement for specific SERCA2 isoform expression for normal cardiac function [5] .
Altered SERCA2a abundance and activity may account for dramatic changes in Ca 2 + handling by the SR during cardiac development and in cardiac hypertrophy and failure. In animal models and in failing human hearts, basal cytosolic levels of Ca 2 + and Ca 2 + transient times are increased [6 -8] , both of which have been associated with decreased SR Ca 2 + uptake and reduced SERCA activity [9] [10] [11] . In parallel, SERCA2a mRNA and protein abundance are generally reduced; however, the decrease in SERCA2 mRNA is not always accompanied by reduced protein levels [12] . Although perinatal changes in abundance can be attributed partially to posttranscriptional mechanisms [13] , we find that pressure overload-induced cardiac hypertrophy decreases SERCA2 transcriptional activity [14] and Aoyagi et al. [15] show that the promoter region isolated from rabbit and extending to À 1810 bp is sufficient for this transcriptional down regulation. The regulation of SERCA2a expression in rodent and rabbit is therefore controlled, in part, through transcriptional mechanisms.
Previously, we showed that the proximal 263 base pairs of the human SERCA2 promoter are sufficient for maximum transgene expression in neonatal rat cardiomyocytes. We did not, however, identify any specific transcriptional regulators [16] . The aim of this study was, therefore, to identify regulatory elements and specific transcription factors responsible for directing human SERCA2 gene expression in vitro.
Methods
This investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication no. 85-23, revised 1996) .
Wistar rats were from Harlan UK (Bicester, Oxon, UK). Chemicals were purchased from Sigma (Poole, Dorset, UK), VWR International (Lutterworth, Leics. UK) or Life Technologies (Paisley, UK). Collagenase was from Worthington (distributed by Lorne Laboratories, Reading, UK).
Reporter and expression plasmids
The SERCA2 luciferase (LUX) constructs extending from À 2577, À 1741, À 412, À 263, À 117, À 125, À 68, and + 170 to + 321 of the human SERCA2 gene inserted into pGL2 Basic vector have been described previously [16] . Further reporter genes were made with inserts beginning at À 119, À 116, À 107, À 100, À 91, and À 75 by PCR using SERCA2( À 125) as template (see Fig. 2 ). A SERCA2( À 2577)LUX construct harboring a mutation from TGAGTAG to GTAGTAG in the non-consensus AP-1 site ( À 2002 to À 2008) was made using the ExSite PCR-based mutagenesis kit (Stratagene). Constructs harboring mutations in the Sp1 sites were generated by PCR conversion of GGGCGG to GTTCGG, based on similar mutations in the rabbit SERCA2 promoter [17] . The complementary nucleotide primer pairs were as follows, where only the sense primer is shown: SERCA 51/52 (5VGGCGCGCGGGAGG-GTTCGGGGCCTGCGCGGCAGCG 3V); SERCA 49/50 (5V TCCGGGTTCCTAGGTTCGGCGCGCGGGAGGG 3V); and SERCA 47/48 (5VGCCGGGAGGAGGGTTCGG-GGCCGCGCCGCCCGCGCCGCGC 3V). These generated mutations in the Sp1 sites at nucleotides À 180 to À 175, À 197 to À 192, and À 119 to À 114, respectively, of the SERCA2( À 263)LUX construct. Mutations of the Sp1 sites in the SERCA( À 125) construct were made using the QuikchangeR Site-Directed Mutagenesis Kit (Stratagene). All constructs were verified by sequencing. A dominant negative Sp1 construct (pEBG-Sp1) [18] was provided by Prof. Gerald Thiel, University of the Saarland Medical School Hamburg, Germany. A h-galactosidase (h-gal) control plasmid, pON249, was used to correct for transfection efficiency. Plasmids were purified by polyethylene glycol precipitation or by anion exchange chromatography on Qiagen columns.
Isolation and transient transfection of cultured neonatal rat ventricular myocytes
Myocytes were isolated from the hearts of 1-day-old rats as described [19] , but supplementing the culture medium with 2 mM L-glutamine and 100 AM 5-bromo-2-deoxyuridine. Myocytes were transfected overnight by the calcium phosphate method as described [16] . Amounts of DNA per dish are indicated in the figure legends. Myocytes were incubated in medium containing insulin/transferrin/sodium selenite supplement (Sigma) for 48 h prior to extraction. Luciferase activity was assayed using a customised assay system (Promega) and the light emitted quantitated by scintillation counting or in a luminometer (TD20/20, Turner Designs). h-gal activity was assayed using o-nitrophenyl-h-D-galactopyranoside as substrate.
Preparation of nuclear extracts
Approximately 1 million freshly isolated cells were washed twice with PBS, collected by centrifugation and resuspended by dropwise addition of 400 Al of hypotonic buffer (10 mM HEPES, pH 7.9; 10 mM KCl, 0.1 mM EDTA, 0.5 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 2.5 Ag/ml aprotinin, 2.5 Ag/ ml leupeptin). After 15 min, cell membranes were disrupted by addition of 24 Al of 10% (v/v) Nonidet-P40 and recentrifuged (1 min, 4 jC). Pellets were resuspended by dropwise addition of 50 Al of hypertonic buffer (20 mM HEPES, pH7.9; 400 mM NaCl, 1 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 2.5 Ag/ml aprotinin, 2.5 Ag/ml leupeptin) and incubated on ice for 30 min before centrifugation (11,000 Â g, 15 min, 4 jC). The protein concentration of the supernatant was determined using a BCA protein assay kit (Amersham International) and samples stored at À 80 jC until use.
Electrophoretic mobility shift analysis
Double-stranded DNA probes to the three Sp1 sites in the proximal region of the human SERCA2 promoter were synthesised using the following oligonucleotide pairs, where only the sense oligonucleotide is shown: SERCA 64/65 (5VGTTCCTAGGGGCGGCGCGC GGGAG 3V) centered on À 197 to À 192; SERCA 66/67 (5V GCGGGAGGGGGCGGGGCCT GCGCG 3V), centered on À 180 to À 175; and SERCA 68/69 (5VGGAG-GAGGGGGCGGGGC CGCGCCG 3V) centered on À 119 to À 114. Cassettes were created by mixing equimolar concentrations of primers, heating to 90 jC for 5 min followed by cooling overnight. These were end labelled with [g-32 P]ATP (30 -50 ACi, 3000 Ci/mmol) by 10 U T4 polynucleotide kinase and purified on a G25 Sephadex column.
Electrophoretic mobility shift analysis (EMSA) reactions were conducted as described [20] . In supershift reactions, 2 Al of antibody (anti-Sp1, -Sp2, -Sp3, -Sp4 at 200 Ag/ml, Santa Cruz) or pre-immune serum was added and incubated at 22 -23 jC for 20 min prior to probe addition. In competition assays, 100-fold excess of non-radiolabelled probes for the three Sp1 sites (SERCA 64/65, SERCA 66/ 67, and SERCA 68/69), a consensus Sp1 cassette (5VATT-CGATCGGGGCGGGGCGAGC 3V , [21] ) and an arbitrary Oct-1 cassette (5VGGGATCCATATGCAAATCAATT 3V) were used. Cassettes based on mutant Sp1 sites, constructed using primer pairs SERCA 47/48, SERCA 49/50, and SERCA 51/52 (see Section 2.1) were also used.
Statistical analysis
Results are expressed as mean F S.E.M. Statistical analysis was by ANOVA and the Student -Newman -Keuls test. Statistical significance was taken as being established at P < 0.05. (Fig. 1) . None of the reporter constructs used responded to TPA. As a control, an AP-1 -LUX reporter gene was upregulated more than 20-fold in the presence of TPA (data not shown). To confirm its redundancy, the AP-1-like element in the SERCA2 ( À 2577) construct was mutated to GTAGTAG (a mutation which reduces basal and TPA-stimulated activity of the tumor necrosis factor-a promoter by 80 -90%; see Ref. [22] ). As expected, this mutation failed to alter expression in the presence of TPA (125 F 7% and 104 F 4% of control, no TPA, for the wildtype and mutant constructs, respectively). Furthermore, cotransfection with vectors expressing constitutively active PKC-a, -q and -~(see Ref. [23] ) also failed to transactivate this promoter (not shown). These data demonstrate that the human SERCA2 promoter constructs are insensitive to regulation by PKC.
Deletion analysis identifies regions between À 1741 and À 263 that suppress promoter activity and regions between À 177 and À 67 that enhance promoter activity in cardiomyocytes (Fig. 1) . Similar transfection results were obtained in the presence of 5% serum. From the deletion studies (Fig. 1) , two regions of the promoter (from À 177 to À 125 and from À 125 to À 67) could account for the positive regulatory elements of the SERCA2 promoter. The sequence between À 177 and À 125 contains a single (half) thyroid hormone response element (TRE) halfsite ( À 139 to À 134) and a consensus Egr-1 binding site ( À 161 to À 153). Although a putative TRE is present (at Fig. 3 . 2/3 ). Luciferase activity is expressed relative to the À 263 construct and is the mean F S.E.M. of three separate myocyte preparations. Statistical significance compared to SERCA ( À 263): *P < 0.05, **P < 0.01. À 198 to À 223) in the distal promoter constructs [16] , their transcriptional activity was unaffected by serum, excluding thyroid hormone as the activator of this promoter region. Likewise, insertion of the promoter region from À 187 to À 150 (which contains the Egr-1 site) upstream of the SV40 promoter in the pGL2-Control vector failed to increase its activity in serum or defined media or in the presence of isoproterenol or endothelin-1. Instead, we observed a small but nonsignificant decrease of about 25% under all conditions studied (results not shown). Thus, the putative positive regulatory element(s) within the À 177 to À 125 proximal promoter region remains to be identified.
Sp1 cis regulatory regions in the proximal SERCA2 promoter activate transcription
The region between À 125 and À 67 of the SERCA2 promoter is responsible for the greatest influence on promoter activity (Fig. 1) . Potential regulatory sequences within this region are an Sp1 element ( À 119 to À 114), an inverse Sp1 site ( À 106 to À 101), and a CAAT box ( Fig. 2A) . Reporter genes were constructed to include or omit these elements ( Fig. 2A) . Removal of 3 bp from the 5V end of the SERCA2( À 119) construct to produce SERCA2 ( À 116) greatly reduced promoter activity, establishing the importance of this Sp1 site (Fig. 2B) . In contrast, the inverse Sp1 site between À 106 and À 101 is not important since the activities of the SERCA2( À 107) and SERCA2 ( À 100) constructs were similar. The other drop in activity (from the À 91 to À 75 construct) coincides with the loss of the CAAT box. The significance of the Sp1 sites in the SERCA2( À 125) construct was confirmed by mutation (Fig. 2C) . Mutation of the distal Sp1 site reduced promoter activity by 63%, whereas mutation of the inverse Sp1 site had no significant effect on promoter activity. Thus, the Sp1 site and CAAT box are essential regulatory elements in the SERCA2( À 125) promoter. 8 and 11 -16 ) of antibodies as indicated. Lanes 2 and 10 were conducted with pre-immune serum, and lanes 1 and 9 were conducted without nuclear extract.
The SERCA2 construct exhibiting most activity, SERCA2( À 263), includes two additional Sp1 sites, which are absent from the SERCA2( À 125) construct. To examine the relative importance of these sites, each was mutated individually or collectively. Mutation of any one of the Sp1 sites reduces promoter activity by about 20 -25%, whereas mutation of all three sites reduces activity by about 50% (Fig. 3) . Thus, these results suggest that all three Sp1 sites may play a cooperative role in maintaining human SERCA2 expression.
To establish further the importance of Sp1 factors in regulating SERCA2 promoter activity, a dominant negative Sp1 expression plasmid was used (Fig. 4) . The pEBG-Sp1 plasmid retains the DNA-binding domain of Sp1 but replaces the transactivation domain with glutathione Stransferase and, hence, competes for Sp1 cis elements without transactivating them. Transfection with pEBG-Sp1 resulted in a concentration-dependent inhibition of SER-CA2( À 263)LUX activity, strongly supporting a role for the Sp1 elements in regulating the activity of the SERCA2 promoter.
Two Sp1 family members in cardiac nuclear extracts bind to the Sp1 sites in the proximal SERCA2 promoter
Electrophoretic mobility shift analysis of cardiac nuclear proteins using oligonucleotide probes SERCA 66/67 and SERCA 68/69, containing the Sp1 sites at positions À 180 to À 175 and À 119 to À 114, respectively, resulted in the formation of two DNA-protein complexes (Fig. 5A, lanes 2  and 12) . No discernable complexes could be observed using the SERCA 64/65 cassette harboring the Sp1 site at À 197 to À 192 (results not shown). In accord with this finding, formation of the DNA -protein complexes with the SERCA 66/67 and SERCA 68/69 probes were prevented by incubation with excess unlabelled SERCA 66/67 (lanes 3 and 14) or SERCA 68/69 (lanes 4 and 13) probe, but not with excess SERCA 64/65 probe (lanes 5 and 15). Complex formation could also be prevented with excess Sp1 consensus cassette (lanes 6 and 16) but not with SERCA cassettes containing mutated Sp1 sites (lanes 7-9 and 17 -19), nor a cassette harboring an Oct-1 site (lanes 10 and 20) . These results demonstrate the specificity of binding of the nuclear factors to the Sp1 sites in the SERCA 66/67 and SERCA 68/ 69 cassettes.
To identify the specific nuclear factors bound to the probes in the DNA -protein complexes, supershift analysis was conducted (Fig. 5B) . Inclusion of antibodies to Sp1 (lanes 4 and 12), to Sp3 (lanes 6 and 14) or to both (lanes 8 and 16) produced a complex with a higher molecular weight. Closer analysis reveals that the anti-Sp1 antibody is more effective in supershifting the higher molecular weight complex (Complex A, lanes 4 and 12), whereas the anti-Sp3 antibody reduces complex A and eliminates the lower molecular weight complex (Complex B, lanes 6 and 14). Inclusion of both antibodies shifts both complexes to a higher molecular weight (lanes 8 and 16) . Pre-immune serum (lanes 3 and 11) , anti-Sp2 (lanes 5 and 13), and anti-Sp4 (lanes 7 and 15) did not supershift either complex, implying selective interaction with Sp1 and Sp3 nuclear factors. These results suggest that complex A contains both Sp1 and Sp3, whereas complex B contains Sp3 only.
Discussion
We have extended our previous analysis [16] to identify specific transcription factors that regulate human SERCA2 gene transcription in neonatal cardiomyocytes. Although we demonstrate that this promoter is unresponsive to TPA, we provide strong evidence that Sp1-associated transcription factors are critical to this promoter's regulation in vitro. First, mutation of each of the three consensus Sp1 cis elements in the proximal SERCA2 promoter reduced its activity, and this reduction was greatest when all three sites were mutated (Fig. 3) . Second, a dominant negative Sp1 plasmid suppressed promoter transactivation, and third, both Sp1 and Sp3 transcription factors bound to oligonucleotide cassettes corresponding to these regions in EMSA assays.
Mutation of each of the three Sp1 sites inhibited promoter activity to a similar extent (Fig. 3) , but a nucleotide cassette centered on the Sp1 consensus sequence between À 197 and À 192 neither bound cardiac nuclear factors nor competed with the binding of nuclear factors to the other Sp1 sites (Fig. 5A) . One possibility is that binding at this site may be cooperative with the binding of nuclear factors to sites outside the short region of the oligonucleotide cassette used for the EMSA analyses. However, we observed no difference in promoter activity between the À 263 construct and the À 177 construct (which lacks both this site and half the Sp1 site at À 180 to À 175) (Fig. 1) . On balance, this Sp1 site does not appear to be critical for SERCA2 expression in cardiac myocytes, and its mutation may result in reduction of SERCA2 promoter activity through some unknown mechanism not involving Sp1 binding. In contrast, this Sp1 site appears to be important for regulation of the promoter activity in skeletal muscle since mutation of the equivalent site in the rabbit SERCA2 promoter inhibits promoter activity by >70% in Sol8 muscle cells [17] . It seems likely that the extent to which individual Sp1 sites promote SERCA2 expression is tissue, and possibly species, dependent.
Contrary to the Sp1 site at À 197 to À 192, oligonucleotide cassettes centered on the Sp1 sites at À 180 to À 175 and À 119 to À 114 showed strong binding to cardiac nuclear factors. Two complexes were seen whose components included Sp1 and Sp3, but not Sp2 or Sp4 transcription factors (Fig. 5B) . The higher molecular weight complex (Complex A) required antibodies to both Sp1 and Sp3 in order to supershift the whole complex, whereas antibody to Sp3 was sufficient to supershift the smaller complex (Com-plex B). These results indicate that Complex A contains both Sp1 and Sp3 and Complex B contains Sp3 but not Sp1. This analysis is consistent with the reported molecular weights of Sp1 as 95 kDa [24] and Sp3 as a 97-kDa protein [25, 26] , but which also exhibits additional truncated forms with molecular weights reported variously as 58-60 [25] , 65 -70 [26] or 78 -80 kDa [24] . A previous study has suggested that the small Sp3 factor(s) results from the use of an internal translational initiation site and is a potent inhibitor of Sp1 and Sp3 mediated transactivation [24] . Complex B (Fig. 5 ) may therefore represent an inactive complex with truncated Sp3, whereas Complex A may represent an active complex with full length Sp1 and/or Sp3. Thus, the Sp1 sites at À 180 to À 175 and À 119 to À 114 may be subject to positive or negative regulation by Sp3.
Whilst the sum of these data strongly imply that Sp1 transcription factors play a critical role in the regulation of the human SERCA2 promoter in cardiomyocytes, the retention of substantial promoter activity (Fig. 3) , even when all three Sp1 sites are mutated to sequences that do not bind nuclear factors (Fig. 5A) , suggests that other transactivating factors must also be involved. The À 263 construct containing three mutated Sp1 sites retained about 50% of the activity of the parent construct. This is surprising since the dominant negative Sp1 plasmid suppressed the activity of this same construct by about 75%, even though a dominant negative construct would be expected to be less efficient than mutating the cis elements directly. It is unlikely that the mutated sites retained the ability to bind Sp1 factors because cassettes based on these mutated Sp1 sites were unable to compete with the wild-type Sp1 sites (Fig. 5A) . In conjunction with the Sp1 site at À 180 to À 175, the Egr-1 consensus sequence between À 163 and À 153 did not affect the activity of the pGL2-Control vector. Although these results do not support a role for the Egr-1 site, it is possible that its effects are only manifest in the presence of the Sp1 site in the proximal À 125 bp of the SERCA2 promoter. Egr-1 has been shown to augment Sp1-induced transcriptional activation in a reporter gene with nonoverlapping Egr-1 and Sp1 sites [27] , and this might account for some of the discrepancies described above.
We have also demonstrated that the human SERCA2 promoter is unresponsive to TPA in cardiomyocytes (Fig.  1) . This was unexpected, since TPA-induced hypertrophy of neonatal rat cardiomyocytes decreases both SERCA2 mRNA and protein levels [28, 29] . The proximal 2577 bp of the human SERCA2 promoter contains only a single and non-consensus AP-1-like responsive element, and its mutation had no effect on the response to TPA. This suggests that either TPA responsive elements exist outside the promoter region studied or that regulation is accomplished posttranscriptionally. Indeed, there is evidence for the latter from the studies of Qi et al. [28] , which demonstrated that TPA enhances SERCA2 mRNA breakdown when transcription is inhibited by actinomycin D.
Finally, our results demonstrate a role for Sp1 transcription factors in the regulation of SERCA2 expression in development and disease. Sp1 and Sp3 transcription factors are downregulated in heart during the transition from fetus to adulthood in the mouse [30] , and their expression is increased during pressure overload-induced hypertrophy. The latter is responsible for the reduction in expression of medium-chain acyl-CoA dehydrogenase (MCAD), a ratelimiting enzyme in fatty acid oxidation, by binding to Sp1 cis regulatory elements in its promoter [30] . Likewise, SERCA2 gene expression is transcriptionally activated early in cardiac development to reach steady-state level during the fetal and perinatal periods and its activity is reduced in hypertrophy and heart failure [9,11,31 -33] . Since Sp1 and Sp3 are each able to activate or repress transcription [34 -37] , we conclude that altered levels or activities of Sp1 factors are responsible, at least partially, for the regulation of SERCA2 expression during cardiac development and disease. This conclusion is supported, furthermore, by recent findings showing that deletion of specific Sp1 cis regulatory elements in the rabbit SERCA2 promoter prevented a decrease in promoter activity in pressure overload hypertrophy [38] .
